Résumé. 2014 Dans cet article on donne la définition d'un pore dans une bicouche lipidique. Le nombre des pores est déterminé par la surface S de la membrane et par l'énergie E nécessaire pour la formation d'un pore. Une comparaison est faite avec les méthodes existant jusqu'à présent pour l'explication de la formation des pores.
Introductiom
The calculation of the pore number in lipid bilayers is considered in comparatively few papers [1] [2] [3] [4] [5] [6] . Usually a clear and unambiguous definition of pore is not given in them. The intuitive concept used is that the pore is the place where the two-dimensional density of the lipid molecules is much less than the average density. Nevertheless, the calculations often use some kind of lattice models of the bilayer, and it is implied that the centre of the pore must coincide with some of the vertices of the lattice. In the present work an attempt is made to treat the pore formation starting from first principles, and to obtain the most general dependence of the number of these pores formed in the membrane on the area of the membrane and on the properties of the molecules constituting. the lipid bilayer. 2 . Definition of a pore with a radius Ro in a lipid bilayer. Number of pores in the membrane. In general the lipid bilayer is formed by lipid molecules of different kinds. In our considerations we assume that all molecules of the bilayer are equal and indistinguishable. Each molecule can be represented as a three-dimensional body whose limits are determined by the van der Waals radii of the atoms constructing the molecule. We introduce a frame of reference X Y in a plane, parallel to the membrane (we consider only flat membranes). Let us project the three-dimensional body representing the molecule on the plane X Y. The limits of the projection of the molecule will depend on the coordinates of the atoms of the molecule. Later on when using the symbol « molecules » we will mean the figure restricted by the limits of the projection of the molecule on the plane X Y.
Let Ro be some distance greater than the average intermolecular distance, which is of the order of 10A in the lipid bilayer. Let us draw a circumference lying in the plane X Y, and having a centre
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyslet:019850046011051300 (xo, yo) and a radius R &#x3E; Ro. Let three or more molecules touch this circumference but no molecule is allowed to cross the circumference and or to lie within the disk restricted by it; let three of the points where molecules touch the circumference define an acute-angled triangle. When all these conditions are fulfilled, we will say that there is a pore in the membrane with a centre (xo, Yo) and with a radius R Of course the pore thus defined exists only for a fixed state of the membrane, i.e. for fixed coordinates of the atoms of these molecules constituting the bilayer. We choose a big enough value of Ro so that the total area of the pores at any time is much less than the area of the membrane.
For a given state of the membrane we consider all the pores thus defined. For some states an overlap between two or more pores may appear. By proper choosing of large enough Ro, it is possible to ensure that the possibility of this overlap is negligible (i.e. the case of an «ideal gas » of pores will be considered, see comments below). We do not exclude fluctuations of the pore from circular form. If, for example, an ellipsoidal defect arises in the membrane, the pore associated with it will have a radius equal to one half of the minor diameter of the ellipse. An integration over all the possible fluctuations of the molecules will be carried out later on (see formula (5) ).
No restrictions are imposed upon the nature of the atoms touching the pore contour. If these are predominantly atoms of the hydrophilic head of the amphiphile, the pores will be hydrophilic, otherwise hydrophobic [8] . In the calculations we will not use any properties of the hydrophilic or hydrophobic pores. The pore will be considered as a statistical object, and in principle, for a given radius all the possible forms of the edge will be envisaged, the probability for the different edges (implicitely) depending on their energies. For a given radius, if the pore forms predominantly hydrophilic edges, the density of the projections of hydrophilic head atoms outside near the pore contour will be higher, while the corresponding density for atoms of hydrophobic pafts will be lower in comparison with their mean values in a membrane without pores. In the case of hydrophobic pores the ratio of these quantities will not be changed even near the pores.
The pores are a kind of defects existing in the membrane. They increase the permeability of the membrane to a non-specific transport of particles for which the bilayer without the pores acts as a barrier.
Let us consider all the states of the membrane with a fixed number N1 of pores (as defined above). For The numerical factor before the integral in equation (5) where a is the stress applied to the membrane if there are no pores in it. For a given area, the membrane will have different stresses depending on the presence or absence of pores [6] . But because of their low number we disregard this difference and consider 7 as the real tension of the membrane. Then the following equality is fulfilled :
We denote:
where :
In (10) the integration with respect to R is performed up to Rmax and not to oo. Rmax is the value of R, at which the function G( ~, R) reaches its maximum value as a function of R at a given (J. If a pore appears with a radius R &#x3E; Rmax, then the subsequent increase of R will decrease the energy of the membrane, and because this process cannot be stopped, the membrane will rupture [1] [2] [3] 8] . R.nax oo exists only if 6 &#x3E; 0. Consequently if (y &#x3E; 0, we consider only pores whose radius is less than R.nax. Strictly speaking, for a &#x3E; 0 the membrane has finite lifetime, because a greater than zero possibility exists for formation of a pore with a radius R &#x3E; Rmax [2, 3] .
We call the quantity E( ~, Ro) the energy of a pore with a radius Ro. (14), (15) Comparison with equation (14) shows that in this case the following equality is fulfilled :
This result has been used elsewhere [1, 8] . The mean number of pores having a radius in the interval (Rc, Rc + dR~) is :
The last equation can be considered as a definition for the density N~(~, No, S, T) of the number of pores, having a radius Rc. The result for N~(~, No, S, T) is :
Equations (24) and (25) allow calculation of the pore size distribution once knowing the pore radius dependence of the edge energy y. This dependence can be obtained on the basis of molecular models [8] .
The model of a pore, used in [8] , is exactly similar to the model of the static defect described here; there the pore is represented as the inner half of a torus, which connects the surfaces where the hydrophilic heads of the molecules of the two monolayers comprising the bilayer are situated; there are no other restrictions on the positions of the heads and the nearest molecules can, in principle, be arbitrarily far from the pore. Equations (15) and (18) give a relation between r, y(R,r ,, (1) and E( ~, R~).
Up to now, the pores have been considered circular. The presentation of the simultaneous pore with three molecules allows to keep the total number of degrees of freedom of all the molecules. Each other presentation of these pores with more than three molecules touching the same circumference (which is a widely spread concept for the pores) will restrict the membrane to a « surface» with a lower dimension in the configurational space of coordinates of molecules forming the membrane. Consequently, the probability of appearance for such an object will be equal to zero.
In principle, the approach presented above can be generalized for pores with arbitrary shapes. Any other shape, different from the circumference, has not a circular symmetry. The pore with such a shape must be characterized with its position (this can be the mass centre of the figure, restricted by the contour), with its size (this can be the half of the maximal distance between two points lying on the contour), and with its a direction (this can be the angle between the vector, connecting two pecular points of the contour, and the axis X). In general, if a contour different from a circumference is given, this contour must be specified with 4 points (for example, through 4 points one can draw one ellipse only with a given eccentricity; it is possible to choose four other points, for which this is not true, but the probability to find them is equal to zero). These 4 points must be chosen so that each infinitesimal rotation and translation of the pore will give as a result, that at least one of these points will be found in the interior of the pore (this is the analog of the requirement that the three points defining the circular pore, form an acute angled triangle). The degree of freedom of the molecules will not be reduced; the degrees of freedom lost because of the existence of a pore are compensated by the two degrees of freedom of the centre of the pore, and by the possibility for the pore to change its dimensionality and orientation. All considerations for obtaining the formula (14) can therefore be repeated, using 4 points per pore; in the integrals, analogous to (6) and (6'), an additional integration towards the direction of the pore will appear. If we denote the contour with L, the formula, analogous to (14) will be :
where Ro is the generalized size of the pore, N1 (Ro, No, S, 1) and EL(~(a), Ro) 
